Recently, charge density wave (CDW) order in the CuO2 planes of underdoped YBa2Cu3O 6+δ was detected using resonant soft x-ray scattering. An important question remains: is the chain layer responsible for this charge ordering? Here, we explore the energy and polarization dependence of the resonant scattering intensity in a detwinned sample of YBa2Cu3O6.75 with ortho-III oxygen ordering in the chain layer. We show that the ortho-III CDW order in the chains is distinct from the CDW order in the planes. The ortho-III structure gives rise to a commensurate superlattice reflection at Q=[0.33 0 L] whose energy and polarization dependence agrees with expectations for oxygen ordering and a spatial modulation of the Cu valence in the chains. Incommensurate peaks at [0.30 0 L] and [0 0.30 L] from the CDW order in the planes are shown to be distinct in Q as well as their temperature, energy, and polarization dependence, and are thus unrelated to the structure of the chain layer. Moreover, the energy dependence of the CDW order in the planes is shown to result from a spatial modulation of energies of the Cu 2p to 3d x 2 −y 2 transition, similar to stripe-ordered 214 cuprates. Direct evidence for charge density wave (CDW) order in YBa 2 Cu 3 O 6+δ (YBCO) was recently observed in high magnetic field using nuclear magnetic resonance [1] and in zero-field diffraction, first with resonant soft x-ray scattering (RSXS) [2] and subsequently with hard x-ray scattering [3] . Prior to these measurements, density wave order [4, 5] [8] . However, density wave order in YBCO-a material long considered a benchmark cuprate due to its low disorder and high T c,max 94.2 K-had only been inferred indirectly, being offered as an explanation for Hall effect measurements [9] and the electron pockets observed in quantum oscillation experiments [10] [11] [12] . The observation of density wave order in YBCO thus marks an important milestone in efforts to determine whether density wave order is generic to the cuprates while providing new opportunities to identify common features of CDW order in the cuprates.
Recently, charge density wave (CDW) order in the CuO2 planes of underdoped YBa2Cu3O 6+δ was detected using resonant soft x-ray scattering. An important question remains: is the chain layer responsible for this charge ordering? Here, we explore the energy and polarization dependence of the resonant scattering intensity in a detwinned sample of YBa2Cu3O6.75 with ortho-III oxygen ordering in the chain layer. We show that the ortho-III CDW order in the chains is distinct from the CDW order in the planes. The ortho-III structure gives rise to a commensurate superlattice reflection at Q=[0.33 0 L] whose energy and polarization dependence agrees with expectations for oxygen ordering and a spatial modulation of the Cu valence in the chains. Incommensurate peaks at [0.30 0 L] and [0 0.30 L] from the CDW order in the planes are shown to be distinct in Q as well as their temperature, energy, and polarization dependence, and are thus unrelated to the structure of the chain layer. Moreover, the energy dependence of the CDW order in the planes is shown to result from a spatial modulation of energies of the Cu 2p to 3d x 2 −y 2 transition, similar to stripe-ordered 214 cuprates. Direct evidence for charge density wave (CDW) order in YBa 2 Cu 3 O 6+δ (YBCO) was recently observed in high magnetic field using nuclear magnetic resonance [1] and in zero-field diffraction, first with resonant soft x-ray scattering (RSXS) [2] and subsequently with hard x-ray scattering [3] . Prior to these measurements, density wave order [4, 5] [8] . However, density wave order in YBCO-a material long considered a benchmark cuprate due to its low disorder and high T c,max 94.2 K-had only been inferred indirectly, being offered as an explanation for Hall effect measurements [9] and the electron pockets observed in quantum oscillation experiments [10] [11] [12] . The observation of density wave order in YBCO thus marks an important milestone in efforts to determine whether density wave order is generic to the cuprates while providing new opportunities to identify common features of CDW order in the cuprates.
RSXS is well suited to give direct insight into the nature of CDW order in YBCO. RSXS involves diffraction with the photon energy tuned through an x-ray absorption edge. This gives significant energy dependence to * dhawthor@uwaterloo.ca. the atomic scattering form factor, f (ω), enhancing the scattering from weak ordering and providing sensitivity to the charge, spin and orbital occupation of specific elements. At the Cu L absorption edge, the scattering is sensitive to modulations in the unoccupied Cu 3d states that are central to the low energy physics of the cuprates [13] [14] [15] [16] [17] . The recent RSXS measurements of Ghiringhelli et al. at the Cu L absorption edge identified superlattice peaks at Q = [0.31 0 L] and [0 0.31 L] indicative of CDW order [2] . They also showed that the intensity of the superlattice reflections peak at ∼T c and decrease in intensity for T < T c , providing a clear link between the density wave order and superconductivity [2] . Importantly, based on the energy dependence of the scattering intensity and the presence of peaks at H=0.31 and K=0.31 in a detwinned sample, Ghiringhelli et al. also demonstrate that the CDW superlattice peaks originate from modulations in the CuO 2 planes.
However, the possible role of the charge reservoir layer in stabilizing the CDW order is not yet clear. In YBCO, the charge reservoir for the CuO 2 planes is composed of CuO chains. The Cu sites in the chains (Cu1) and planes (Cu2) have different orbital symmetries and contribute differently to x-ray absorption spectroscopy (XAS) and RSXS measurements [18, 19] . In addition to making the structure orthorhombic (a = b), the chain layer can be oxygen ordered into a variety of "ortho" ordered phases arXiv:1207.3667v2 [cond-mat.supr-con] 9 Nov 2012 [20, 21] . For instance, the ortho-III phase corresponds to a repeated pattern of full-full-empty ordering of oxygen in the chains [see Fig. 1(a) ] that produces a commensurate superlattice peak at [0.33 0 L], in close proximity to the [0.31 0 L] peaks observed in Ref. [2] . In addition, the chains may also be susceptible to CDW order along the chains (producing incommensurate peaks at [0 K L]) [22] [23] [24] . As such, the chains may act to stabilize CDW order in YBCO akin to the low-temperature tetragonal (LTT) structural phase stabilizing spin and charge stripes in stripe ordered 214 cuprates [6, 25] .
In this Letter, we present RSXS measurements of a high purity, ortho-III ordered single crystal of full empty chain layer [26, 27] that (a) confirm the in-plane origin of the incommensurate [0.30 0 L] CDW peak [28] , (b) clarify its relation to the oxygen ordering in the chain layer, and (c) demonstrate a link to the microscopic origin of stripes in 214 cuprates. Analysis of the scattering intensities provides clear evidence that the [0.30 0 L] CDW peak has an energy, polarization, and temperature dependence that is distinct from the [0.33 0 L] oxygen ordering peak, indicating there is no clear relation between the chain layer and the [0.30 0 L] CDW order. Moreover, the [0.30 0 L] peak is shown to result from a spatial modulation of the energy of the Cu 2p to 3d x 2 −y 2 transition, unlike the [0.33 0 L] oxygen ordering peak, which is described by a spatial modulation of the Cu valence. The former is consistent with RSXS measurements in stripe ordered 214 cuprates [17] , which is also described by the energy shift model, suggesting a common origin to the CDW order that is generic to the cuprates.
Resonant scattering measurements were performed at the Canadian Light Source's Resonant Elastic and Inelastic X-ray Scattering (REIXS) beamline [29] using linearly polarized light in both σ and π scattering geometries, as depicted in Fig. 1 Fig. 1(c) for the incident photon energies indicated in Fig. 1(d) . These superlattice reflections are observed above a large x-ray fluorescence background, similar to measurements from Ref. 2. In addition, there is also a peak at [0.33 0 L] that is evident at higher photon energy.
The scattering intensity, I sc , was determined by fitting the fluorescence background to a polynomial and subtracting it from the data [ Fig. 1(e) ]. This procedure was repeated as a function of photon energy and for both σ and π incident photon polarizations, as shown in Fig. 2 . In Fig. 2(a) and 2(b) , two peaks at H=0.30 and H=0.33 are observed that resonate at different energies and have a different polarization dependence. Due to the large width of both peaks, they overlap in H forming one broad asymmetric peak, which is particularly evident around the peak in the x-ray absorption (931.4 eV). In contrast, the peak at [0 0.30 1.4], shown in Fig. 2(c) and Fig. 2(d) , resonates at 931.3 eV with only a small signature of the peak at ∼0.33, likely due to residual (<3%) twinning of the sample. From these scans at 60 K, the correlation lengths of the peaks are ξ(K=0.30) 42Å , ξ(H=0.30) 40Å, and ξ(H=0.33) 37Å. Consistent with previous work [2, 3] , the amplitude of the [0.30 0 L] reflection is first distinguished from the fluorescence background at ∼160 K, peaks near T c , and decreases for T < T c , as shown in Fig. 1(f) . In contrast, the [0.33 0 L] peak amplitude exhibits a gradual T dependence with no notable features at T c or 160 K. Analysis of the energy and polarization dependence of the integrated scattering intensities (Fig. 3) demonstrates that the H=0.30 and K=0.30 peaks are due to modulations in the CuO 2 planes, whereas the H=0.33 peaks are due to ortho-III ordering in the chain layer. To model the scattering intensity of the H=0.33 peak, we followed the procedure in Ref. 
As shown in Fig. 3(a) , this analysis reproduces the energy and polarization dependence of the H = 0.33 peak, providing confirmation that this peak is dominated by the oxygen order in the chain layer.
In contrast, both the polarization and energy dependence of the H=0.30 and K=0.30 peaks are consistent with a spatial modulation of the Cu 3d x 2 −y 2 states in the CuO 2 planes. First, one must note that the incident π and σ polarizations couple to different components of the scattering tensor. For σ polarization, the photon polarization is entirely along the b(a) axis for the H(K) = 0.30 peak and is therefore sensitive to the bb(aa) components of the scattering tensor. However, for π polarized light, the polarization has components along both the a and c axes that depend on the scattering geometry. For modulations of Cu 3d x 2 −y 2 states, f aa,Cu2 f bb,Cu2 >> f cc,Cu2 and I sc (ππ )/I sc (σσ ) = [sin(α) sin(β)∆f aa ] 2 , where α and β are the angles of the incident and scattered light relative to the sample surface [see Fig. 1(b) ] [30] . For the values of α and β in our measurement, one would expect the ratio of I sc (ππ )/I sc (σσ ) = 0.46 for a modulation of Cu 3d x 2 −y 2 states. As shown in Fig. 3(b) , the K = 0.30 peak is in good agreement with this ratio.
A final intriguing aspect of the energy dependence of the scattering intensity is that the line shape can be described by a simple phenomenological model for the scattering intensity based on a spatial modulation of the energy of the Cu 2p to 3d x 2 −y 2 transition. The energy of this transition is determined by the energy of the 3d x 2 −y 2 states, as well as the core hole energy and the interaction energy of the core hole with the d electrons, all of which may be spatially modulated. This energy shift model was recently shown to account for the energy dependence of the scattering intensity of the [1/4 0 L] charge stripe ordering peak in La 1.475 Nd 0.4 Sr 0.125 CuO 4 , unlike models based on lattice displacements or charge density modulations [17] . Although in YBCO we do not know the structure factor that accounts for the [0.30 0 L] and [0 0.30 L] peaks, we can naively invoke the same energy shift model and assume that
, where Cu2a and Cu2b represent two sites in the CuO 2 planes with f (ω) that is identical apart from a small energy shift ±∆E at each site. Following previous work, f Cu2 (ω) can be determined from the experimentally measured x-ray absorption spectra [13, 14, 17] . In this case, the XAS with polarization oriented along the a-axis of the sample is used since it is dominated by the Cu 3d x 2 −y 2 states of the CuO 2 planes with minimal chain contribution. As shown in Fig. 3(c) and Fig. 3(d) , the energy shift model is in excellent agreement with the experiment, capturing the correct energy dependence and peak position, which peaks ∼0.1 eV below the L 3 peak of the x-ray absorption. Note, for this calculation ∆E=0.1 eV was used (see [31] ).
Although the energy shifts, and thus the scattering, may ultimately be caused by a modulation in Cu valence, the microscopic origin of the energy shifts is currently unclear. An important implication of the energy shift model is that the resonant scattering provides only indirect evidence for charge density (valence) modulations-the success of the energy shift model allows one to infer there is a charge density modulation since this must occur if the electronic structure is spatially modulated [17] . In contrast, the energy dependence of the ortho-III oxygen order peak (H = 0.33) is described "directly" in terms of a large change in valence between Cu in the full and empty chains. However, since we cannot presently estimate the magnitude of the charge density modulation from the energy shifts, it is conceivable that a modulation of charge is not the central feature of the newfound density wave order in YBCO (and also stripes in 214 cuprates). In such a case, the energy shifts may in fact be a signature of a novel electronic state, such as a valence bond solid [17] . Alternately, the energy shifts may result from weak-coupling, Fermi surface reconstruction descriptions of density wave order in the cuprates. Regardless of the origin, the success of the energy shift model may imply that the temperature dependence of the peak amplitudes results from a temperature dependent energy shift that peaks at T c , providing an apparent link between the energy shifts and superconductivity.
Moreover, the applicability of the energy shift model to the resonant scattering intensity of charge stripe order in 214 cuprates and YBCO indicates that the CDW order likely shares a common origin in the two material systems. This commonality stands in contrast to important differences between the density wave order in YBCO and stripe ordered 214 cuprates. In 214 cuprates, the charge order is stabilized by the LTT structural phase [6, 32] , has an incommensurability that plateaus at high doping at the commensurate value of 2δ = 0.25 [5, 33] and is understood to be unidirectional in nature (i.e. stripes). In YBCO, while there is no LTT phase, one might expect that the orthorhombic structure of YBCO would preferentially stabilize stripe order propagating along the a or b axes, perhaps with a period locked to the oxygen ordering in the chain layer of YBCO. However, no clear link between structure and the H and K = 0.30 peaks is observed in our measurements. Rather, the incommensurate value of the 2δ = 0.30 peaks relative to the commensurate oxygen ordering peak at H = 0.33, the similar magnitude of the scattering intensity of the H and K peaks and the presence of the H = 0.30 peaks in samples with weak oxygen order (only very short range ortho-V order) [2] , indicate that the structural distortions are not an essential ingredient for CDW order in YBCO. Additionally, the existence of peaks along both H and K would seem to favor 2D checkerboard order. However, if the connection to the lattice is indeed weak, domains of unidirectional stripes oriented along both a and b may describe the CDW order in YBCO.
Finally, in addition to structural distortions, which may provide pinning centres commensurate with the lattice, disorder can also provide random pinning centres for density wave order and has been shown to enhance spin density wave and CDW order in 214 cuprates [34] [35] [36] . Moreover, 214 cuprates are intrinsically disordered owing to the chemical cation substitution (ex. Sr for La) near the CuO 2 planes used to dope away from half filling. This makes it difficult to disentangle the role of disorder from the intrinsic physics of 214 cuprates. In contrast, the presence of CDW order in high-purity, oxygen ordered YBCO provides a strong indication that density wave order is in fact an intrinsic feature of underdoped cuprates.
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